We report a feasibility study of Time-of-Flight technique in Short-and Mid-Wavelegth Infrared spectral region using a Mercury Cadmium Telluride detector. For the demonstration we employed an all-optical modulator operated by optical pumping with 800 nm, 100 femtosecond pulses and measured the broadening of the signal pulses traversing through a few centimetres of silica rod. The measured signal was analysed to reconstruct the pulse broadening and to retrieve the group velocity dispersion of silica. We show that in Time-of-Flight measurements based on all-optical modulation in combination with Mercury Cadmium Telluride detector, the limiting resolution factor is the speed of the modulator rise time governed by the optical pump.
INTRODUCTION
Range-finding and 3D imaging provides information about the distance to an object in addition to the standard intensity received by detector or camera. Since the first Time-of-Flight (ToF) imager was demonstrated, 1 it became apparent that this active measuring technique offers advantages over passive and active triangulation.
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The ToF technique resolves ambiguity problems related to projected fringes, contrastless scenes and high computational cost. To employ ToF range-finding, it is possible to modulate either pulse, amplitude or frequency. In the pulse modulation method the time of arrival of the pulse reflected from the target is measured 4 and it has been shown theoretically to provide the best precision.
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In recent decades, the main development of ToF imaging and distance measurement was reported for the visible and near-IR ranges and the technology rapidly matured to provide commercially available products. However, similar achievements in far-IR have not yet materialised despite clear technological advantages the ToF technique can offer in this range. One of the problems is the ultrafast gating of the detectors operating in the far-IR, which at their best can achieve a few nanoseconds, more than an order of magnitude slower than their counterparts in the visible range. 6 Nevertheless, several successful applications have been reported, such as integrated path differential absorption lidar operating for active sensing of CO 2 developed by DRS Technologies in collaboration with NASA 7 or the airborne CO 2 Sounder lidar.
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On the other hand, a reliable detection method is important for the ToF applications and the major players in far-IR imaging industry, such as Leonardo, Raytheon, Sofradir and SCD consider Mercury Cadmium Telluride (MCT) as a semiconducting material with noticeable advantages over other rivals, such as InSb. MCT detectors offer a better range of detection, resolution, device size and performance-to-cost value. MCT is the only known detector material which covers the spectral ranges of short, mid and long wavelength IR (SWIR, MWIR and LWIR). Because of its robust performance, MCT became an integral part in the most demanding applications in the battlefield, as in the Phalanx CIWS shipboard defence system operating in LWIR and DIRCM countermeasure sensors for protecting military aircrafts in MWIR. Therefore, a natural development would be the integration of MCT detectors into an active measurement and imaging device using the ToF technique. MCT has demonstrated the ability to produce clear signal in the scene flooded with photons and where the parasitic reflection can be discriminated from useful ones by gating and filtering photons arriving before or after those reflected from the useful target.
Our work aims to demonstrate the feasibility of ultrafast ToF measurements using an MCT detector with an all-optical modulator operating in the SWIR/MWIR range. The principle of the modulator work was reported previously. [9] [10] [11] Briefly, the core of the modulator is a silicon photonic membrane consisting of 2D periodically arranged holes. Due to the photonic properties of the structure, the membrane reflects less and transmits more IR light than a bare silicon window of the same thickness. However, when an external optical source optically excites the membrane by pumping free electrons, it resonates at a predesigned wavelength in such way that its reflectance increases and transmittance drops. The change is related to the alteration of the effective dielectric function by the excited free electrons. Using an external pulsed pump source, it is possible to modulate a synchronous response of the membrane, switching it between the fully transmitted and opaque states. The modulated membrane is positioned in front of the detector and acts as a shutter which can be activated synchronously with a pulse from an external optical source. Such arrangements allow us to use detectors with a slow response as the resolution is determined by the response of the modulator. We have shown previously that it is possible to achieve almost 100% modulation contrast in MWIR ranges pumping the free carrier density of 10 18 − 10 19 cm −3 . The speed of the modulation is limited by the pulse properties of the pump source and the free carrier lifetime. In this work we used a 100 femtosecond laser as pump source, which defines the rise time of the modulator. The life time of the free carriers is in the range of a few tens of nanoseconds or shorter due to Auger recombination which determines the time required for the modulator to return to its initial transparent state. The recovery time in such a set-up determines the repetition rate at which the modulator can be potentially used.
In this paper we show that a modulator driven by a 100 femtosecond pump pulse provides speed corresponding to the ToF resolution of a few tens of micrometers and allows the measurement of the subtle effects of a pulse broadening by Group Velocity Dispersion (GVD) in a few centimetre long silica rod. For the demonstration, a set-up was constructed providing an 800 nm pump pulse used to modulate the transmittance of the optical membrane. Another pulse, tunable in the range between 2.1 and 3.5 µm and synchronised with the pump, was used to evaluate the ToF through free space and the retardation induced by the insertion of a few centimetres long silica rod into the optical path. Both the pulse broadening (caused by propagation through the rod) and the GVD of silica were estimated from the signal received by the detector.
EXPERIMENT
In brief, the laser system delivers a 800 nm, 3 W pulse with a repetition rate of 1 kHz and a FWHM of about 100 fs with nearly Gaussian shape as measured using an intensity autocorrelator. A beam splitter was used to split the beam into reflected and transmitted components with the intensity ratio of 1:10. The reflected beam was further attenuated using a combination of a half-wave plate and a linear polarizer. After the attenuator, this component was used as a pump pulse to tune the optical properties of the membranes changing their reflectance and transmittance. The beam transmitted by the beam splitter was guided into an optical parametric amplifier (OPA) to generate a tunable "signal" pulse in the SWIR/MWIR, covering the range between 2.1 and 3.5 µm. The spectral range in these experiments is limited by the transmission window of the silica rods used for stretching the signal pulse. In particular, at wavelengths shorter than 2.1 µm the signal is absorbed by -OH vibrating groups found in silica, while the cut-off wavelength longer than 3.5 µm is related to IR-active absorption of Si-O bond. 12 In-between those wavelengths the rods are semitransparent for the signal. More detailed information about the system can be found elsewhere. 10, 13, 14 To construct the ToF, the arrival times of the 800-nm-pump and SWIR/MWIR signal pulses have to be synchronised. The synchronisation by the optical setup is shown in Fig. 1 .
The diagram shows optical paths of the pump and signal pulses. The red line designates the pump whose arrival time at the optical membrane (3) can be changed by a retroreflector mounted on a computer-controlled translational stage (2) . The green line marks the signal pulse delivered by the OPA. The signal passes through a silica rod (1), which delays and stretches the pulse, before it traverses the membrane. After the membrane any unabsorbed pump light that is transmitted through the membrane is rejected by a longpass filter (4), allowing only the signal to pass through. The signal is detected by a Teledyne Judson J15 photoconductive Mercury Cadmium Telluride detector (5) connected to a Zurich Instrument lock-in amplifier. The optical membranes used in this work are similar to those presented in our report.
11 Briefly, the optical membranes were made by photoelectrochemical etching of ordered 2D hole array in a thin (a few tens of microns) silicon slab using HF acid. A fabrication procedure employed in this work is similar to that described previously.
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In this work we used a membrane which was ∼63 µm thick, containing an ordered pattern of 1 µm holes separated by 1.5 µm and arranged into a hexagonal 2D lattice. The membrane geometry and layout were computer simulated and tested in the lab to optimise the modulation performance in the SWIR/MWIR range.
RESULTS AND DISCUSSION
To set-up the ToF measurements we initially removed the silica rod from the signal's optical path and adjusted the position of the retroreflector in such a way that the pump and signal pulses arrive simultaneously on the surface of the membrane, that is when the membrane is activated and the transmission of the signal is suppressed. This position can be regarded as the relative zero-distance and it is nearly identical for all wavelengths of the signal, as the dispersion of air is insignificant to change the speed of light and the arrival time of the pulse at the surface of the membrane. After the silica rod was inserted into the path the ToF of the signal is delayed, because the propagation speed slows down inside the rod. The position of the retroreflector was readjusted accordingly to add an additional distance D to the optical path of the pump for compensating the added ToF in the optical path of the signal. At this new position the pump and signal again arrive simultaneously on the surface of the membrane, blocking the passage of the latter. This procedure was repeated for different wavelengths and lengths of the rod. In such way, by scanning the retroreflector position, a ToF delay with respect to the zero position, induced by the rod, can be found as:
where n(λ) is the wavelength-dependent refractive index of the rod, L is the length of silica rod and c is the speed of light in vacuum. Blue colour represents the result of the signal passing through free space without a silica rod; green -with a 5 cm rod; red -with a 10 cm rod.
wavelength because of the silica rod dispersion). This time gets longer when the rod length is twofold increased to 10 cm, as shown by the red dots.
However, the ToF demonstration is not limited to the measurements of the arrival times, it can be further expanded to show that the setup can be used to measure the GVD of the silica rod from the analysis of the signal waveform. Fig. 3 shows the normalised intensity of the transmitted signal at selected wavelengths in the range between 2.1 and 3.5 µm as a function of time between the signal and pump. In fact the data can be viewed as similar to that shown in Fig. 2 , but presented at higher resolution and shifted on the time-scale to overlap the dropping edges for easier comparison. The point of such presentation is to show the signal pulse stretching after propagation through the rod in comparison to that passing through free space. The measurements of the signal pulse stretching at each wavelength was preceded by evaluation of the membrane temporal response (shown as blue dots). This was done by recording the signal transmitted by the membrane as a function of the delay time between the pump and signal pulses without the silica rod in the optical path. The temporal response curve comprises of three regions corresponding to: negative time when the signal arrives before the pump pulse and when the membrane is nearly fully transparent; around zero-delay when the arrival time of both pulses is almost coincident and when the transmittance of the membrane is rapidly suppressed by the pump excitation; positive time when the signal arrives after the pump and when the membrane is not transmitting the signal. The temporal resolution of the ToF is determined by the second region, that is the time during which the transparency of the membrane switched between the two states of transmitting or rejecting the incoming signal. It can be seen from Fig. 3 that the response time is below 100 femtosecond and nearly independent of the wavelength. Because the response time is set by the speed of the excitation, we conclude that the excitation by the pump is an instant process and that the rising edge of the pump pulse governs the speed of the membrane modulation. At the positive times, the membrane's transmittance tends to return to its original state. However, the observation and measurements of the full recovery is not shown in this work as it happens on much longer time scales of a few hundred picosecond, as was reported previously by us. Fig. 3 shows that the signal response is stretched from an "instantaneous" to a few picosecond long response when a silica rod of 5 or 10 cm long, green and red lines, respectively, is inserted into the optical path (see Fig. 1 ). The observed broadening of the signal response curve is a result of the dependence of the group velocity on the frequencies comprising traversing through the rod pulse, that is GVD is responsible for stretching the signal emerging from the rod. The duration of the stretched pulse, τ , is related to the original pulse as the following: 
where τ 0 = 100 fs is the duration of the pulse before entering the rod; L is the rod's length; a(ω) ≡ 1 2
is a frequency-dependent parameter related to GVD of the silica rod, where a wave-vector, k, depends on a frequency, ω, according to a dispersion relation of silica. In the following we show that the parameter a(ω) can be reconstructed from the ToF measurement shown in Fig. 3 .
The signal recorded by the MCT detector can be presented as a convolution of the system response function g(ω; t − t ) with the signal pulse after the rod f (ω; t ):
Because the response function, g(ω; t), is known (shown as the blue line in Figs. 3), the signal pulse emerging from the rod, f (ω; t) can be reconstructed using a deconvolution procedure. 18 For the deconvolution we used the smoothed results, shown as the solid lines, to avoid problems related to the noise present in the input functions. The reconstructed pulse is shown in Figs. 4 for different signal frequencies and rod lengths. It can be seen clearly by comparison of Fig. 4(a) and (b) that the pulse duration increases as the length of the rod was doubled. As well, the pulse broadens as the wavelength increases as expected for silica, a material with negative chromatic dispersion at this wavelength range.
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Furthermore, using Eq. 2 we calculated the GVD parameter, a, which is shown in Fig. 5(b) besides the corresponding pulse duration (Fig. 5(a) ). To confirm the validity of our result it is informative to compare them to the literature. However, the published data has very limited information on GVD in the SWIR/MWIR range measured by the ultrafast pulses. Thus, we were restricted to judge our results against those made with a Continuous Wave (CW) source published elsewhere. [19] [20] [21] It can be seen that our ToF measurements using the ultrafast light laser reproduce well qualitatively the GVD which tends to increase as a function of the wavelength. However, the values obtained by us are greater by a factor of ∼2.5 in comparison to the CW results. At this stage, it is not clear whether the discrepancy arises from significantly different light sources or dissimilarity of silica materials used in the compared studies. We leave the discussion of this point out of the arguments in this report, as it deviates away from the work's main point. The GVD of silica, red and blue dots are measured in this work using ToF method, black -taken from the references. [19] [20] [21] The lines are shown to guide the eye.
CONCLUSION
We have demonstrated that an all-optical modulator in combination with an MCT detector can be used for the high resolution ToF measurements. We have shown that the resolution is limited by the duration of the rising edge of the modulator response. Because the modulator response time is underpinned by electronic excitation driven by an external optical pulse source, its response time is as fast as that of the pump source and we have shown that the temporal resolution as fast as 100 femtosecond can be achieved. With the demonstrated speed of modulation it is possible to achieve the spatial resolution of D = 1 2 ct = 1.5 × 10 −3 cm (c is the speed of light and t is the temporal resolution), suitable for the most demanding applications.
To demonstrate the feasibility of all-optical modulation for ToF measurements with a commercial MCT detector, we performed measurements in SWIR/MWIR range of 100 femtosecond pulse broadening traversing the silica rod. We show that it is not only possible to reconstruct the duration of the pulse broadened after the propagation through the rod, but it is possible to deduce the GVD of the material, a measurement which was not previously performed with ultrafast source in SWIR/MWIR regime.
